ACRONYMS AND ABBREVIATIONS

ATR
ABSTRACT
Under the auspices of the Global Threat Reduction Initiative -Reduced Enrichment for Research and Test Reactors Program, the National Nuclear Security Administration /Department of Energy (NNSA/DOE) has, as a goal, to convert research reactors worldwide from weapons grade to non-weapons grade uranium. The High Flux Isotope Reactor (HFIR) at Oak Ridge National Laboratory (ORNL) is one of the candidates for conversion of fuel from high enriched uranium (HEU) to low enriched uranium (LEU). A preliminary plan, including tasks, costs, and schedules for conversion of HFIR fuel was developed to provide initial input to the multi-reactor conversion program integrated plan. Using Microsoft Project, a detailed outline of the conversion program was established and consists of LEU fuel design activities, a fresh fuel shipping cask, improvements to the HFIR reactor building, and spent fuel operations. Current-value costs total $76 million dollars, include over 100 subtasks, and will take over 10 years to complete. The model and schedule follow the path of the fuel from receipt from fuel fabricator to delivery to spent fuel storage and illustrates the duration, start, and completion dates of each subtask to be completed. Assumptions that form the basis of the cost estimate have significant impact on cost and schedule. This preliminary plan is subject to revision based on feedback from the multi-reactor conversion program manager and other emerging developments.
INTRODUCTION
An engineering design study for a fuel that would enable the conversion of the High Flux Isotope Reactor (HFIR) from high enriched uranium (HEU) to low enriched uranium (LEU) is ongoing as part of an effort sponsored by the U.S. Department of Energy's (DOE) National Nuclear Security Administration through the Global Threat Reduction Initiative/ Reduced Enrichment for Research and Test Reactors Program (RERTR). The conversion of the reactor implies the creation of a new fuel cycle both because the form of the LEU fuel is different from the current HEU fuel -a metal alloy rather than a blend of ceramic and metal powders -and because achieving the goal of a proliferation resistant fuel cycle makes obsolete the transportation and storage processes that have been in use for over 40 years. A study was conducted of the impact of fuel conversion on all parts of the fuel cycle that follow fabrication of HFIR fuel elements. The study was performed to provide input to a larger, five-reactor integrated conversion program schedule being developed at the Idaho National Laboratory.
DESCRIPTION OF HFIR
The HFIR is an 85 MW, very high flux, pressurized light-water-cooled and moderated, flux-trap type reactor, which is operated at the Oak Ridge National Laboratory (ORNL). The primary mission of HFIR is to support neutron scattering experiments. Other missions include isotope production, materials irradiation research, and neutron activation analyses. The reactor core consists of a series of concentric annular regions: a central flux trap containing vertical experimental targets surrounded by two fuel elements separated by a thin water region, a region containing two control plates, a beryllium reflector, and a water region to the edge of the pressure vessel, which is located in a pool of water. Details of the reactor configuration and operation can be found elsewhere.
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The two fuel elements in HFIR are identified as inner fuel element (IFE) and outer fuel element (OFE). They are composed of numerous, involute-shaped fuel plates 1.27 mm-thick, as illustrated in Fig. 1.(a) . The plates are separated by a water-filled cooling channel 1.27 mm-thick, and are held together by two cylindrical aluminum side walls. The fuel plates have a sandwich-type design, with a fuel region enclosed in an aluminum-based clad, as illustrated in Fig. 1.(b) . The current, HEU, fuel meat inside the fuel region contains a mixture of aluminum powder and uranium oxide (U 3 O 8 ) with 93.1 wt % 235 U enrichment and is characterized by variable thickness along the width of the fuel plate (radial grading) and a uniform thickness along the length of the fuel plate for a given radius (no axial grading). a) inner and outer fuel elements (b) fuel plate profile LEU fuel for HFIR will have the same geometry and dimensions as shown in Fig. 1 but the fuel "meat" region, designated as "fuel" in Fig. 1b , will be an alloy of uranium and molybdenum; the uranium having an enrichment of 19.75%. The fuel will be have a graded thickness as is shown in Fig. 1b but the profile will be different from the current fuel. The current design for the LEU fuel is for the fuel to have an axial variation in fuel thickness (axial grading) along the lowermost 3 cm of the fuel. Design studies of the LEU fuel are reported in Refs. 3-5.
POLICY ASSUMPTIONS
Questions of cost and schedule for HFIR fuel conversion were first addressed in Ref. 3 . A result of those studies was the observation that obtaining even order-of-magnitude cost estimates required establishing certain assumptions some of which had not yet been considered, much less approved, by program management. Likewise for this study, various "ground rules" were established at the start of the study. These ground rules are elaborated below along with any corollaries that derive from the assumptions.
1) The Department of Energy -Office of Science endorses the conversion of HFIR from HEU to
LEU fuel. On September 29, 2009, a letter was sent from Dr. Kelly Beierschmitt, Oak Ridge National Laboratory, to Dr. Parrish Staples, National Nuclear Security Administration, Department of Energy in which Dr. Beierschmitt stated, "it is theoretically feasible to convert the reactor to the use of monolithic U/Mo LEU fuel". While it is the responsibility of NNSA to develop the LEU fuel and fund this development, HFIR staff, funded by Office of Science to operate the HFIR, will be needed to perform many of the analyses/tasks described subsequently in the schedule. The HFIR facility, itself, will be needed for the conduction of reactor physics tests for LEU fuel. It is assumed that Office of Science will allow these resources to be assigned to NNSA to conduct the tasks identified in the schedule.
2) Organizations outside of ORNL complete identified tasks as scheduled. The LEU conversion program is divided among many organizations including Idaho National Laboratory, Los Alamos National Laboratory, Argonne National Laboratory, the Y-12 National Security Complex, Babcock and Wilcox Nuclear Operations Group, and Oregon State University. It is the responsibility of ORNL to identify input needed from these organizations as part of the integrated conversion program schedule. These items are noted in the schedule presented in this document. It is the responsibility of the conversion program to fund the requested items, ensure the quality of the items, and deliver them to ORNL according to the conversion program integrated schedule.
3) All LEU conversion operations at HFIR will be conducted in compliance with the ORNL Research Reactors Division engineering configuration management process and the elements of DOE-STD-1189 (Ref. 6)
. DOE-STD-1189 addresses integration of safety into the design process. These processes were considered in the HFIR schedule.
4) With the creation of separate interim and commercial fuel fabrication tasks, if HFIR fuel is fabricated as a part of the interim fuel fabrication task, NNSA will fund the first HFIR reactor core from each task, that is, the first from interim and the first from commercial.
Since the beginning of the LEU conversion program, NNSA has agreed to fund the initial LEU core loaded to HFIR. At the inception of the LEU conversion program, it was not envisioned that there would be a separate, interim fuel fabrication task. Since interim and commercial fuel fabricators may employ different processes, likely will employ different groups of people, and certainly will be at different physical locations, it is the responsibility of NNSA to fund the initial HFIR core from each fabrication task.
5) HFIR LEU fuel will be stored at the Y-12 site.
Since the startup of HFIR, the fresh fuel, being HEU, has been stored at the Y-12 plant. Currently 24 cores -about 3 years of inventory at the current consumption rate -are stored at Y-12. Mr. Morris E. Hassler, Director of Strategic Development / Science, Technology, and Partnerships / Y-12 provided the following information by electronic mail correspondence, "Y-12 will continue to store HFIR fresh fuel in the future. As the fuel is converted from HEU to LEU, Y-12 will then store the HFIR fresh fuel in lower category storage areas instead of high security storage areas as we do now. The Y-12 Master Plan (Y/MOD-0150) documents this continued storage of Category III/IV materials. The LEU materials will be stored in the current warehouse after the HEU material is moved out. Also, I reviewed the latest Y-12 SWEIS (DOE/EIS-0387) and it mentions specifically continuing to support research reactors in supplying fuels including LEU."
6) After the initiation of fueling of the other U.S.HEU-fueled reactors with LEU, NNSA will compensate HFIR for any increase in HEU fuel fabrication cost that is attributable to a reduction
in demand for HEU fuel fabrication services. HFIR fuel operations are not independent of the other four, high performance reactors. The reduction in HEU use as reactors are converted will lead to a greater portion of the fuel fabrication burden (overhead) being assigned to HFIR. Compensation for this increase is consistent with NNSA statements that operations at reactors will not be significantly affected by fuel conversion. HFIR operations must be insured against added fuel costs due to being the last reactor to convert.
7) Savannah River Site will be the disposal point for spent LEU fuel and therefore the end point for any ORNL responsibility related to HFIR fuel.
Through the National Environmental Policy Act, a decision was made in 1995 to consolidate DOE-owned SNF [spent nuclear fuel] at existing DOE sites that have the skills, facilities, and technologies to best handle the fuel. Based on the decisions from the associated environmental impact statement, DOE will temporarily store its SNF at the Hanford Site in Washington, the Idaho National Laboratory (INL) in Idaho, and the Savannah River Site (SRS) in South Carolina until a repository is completed. The Hanford Site will retain most of its current inventory of SNF. The remaining DOE SNF will be consolidated at either the INL or SRS, depending on the type of fuel. … SRS provides for the safe receipt and interim storage of SNF assemblies including SNF from domestic and foreign test and research reactors. Only L-Basin still contains and receives SNF. The basins have concrete walls 3 feet thick and hold 3.5 million gallons of water with pool depths of 17 to 30 feet to provide cooling and shielding to protect workers from radiation. The SNF stored and received at L-Basin is either planned to be transferred to H-Area facilities for processing and disposition or to INL for consolidation and to prepare and package into a "road ready" condition. (Ref. 7) HFIR will fabricate whatever tools are necessary to unload LEU fuel at Savannah River site and will be responsible for any required engineering analyses up to the point at which Savannah River Site takes custody of the LEU fuel.
8)
Since the overall cost associated with conversion to LEU fuel should not increase the annual operating expenditure for the owner/operator, NNSA will fund any increase in annual operating costs due to LEU for the lifetime of the reactor. Frequently, when changing an industrial process, there is more than one path to achieving the desired outcome. Choices result in a trade-off between capital investment and labor cost; increasing one lowers the other. In these studies, when options were available, the choice was made to maintain (or minimize the increase in) operating cost at the expense of potentially higher capital cost (investment). The LEU conversion program will support the choice that minimizes annual operating (labor) cost to HFIR. Staff at ORNL have estimated that the annual production cost of LEU fuel will be at least twice the annual cost of HEU fuel (Ref. 8) even continuing to assume that the cost of the LEU itself is not included (Ref. 3) . Therefore, because the current, HEU fuel cost is approximately 15% of the total operating budget for HFIR, it has been assumed that NNSA will provide a 10%-ofoperating-cost subsidy to HFIR for every year that the HFIR operates once conversion of HFIR to LEU fuel is achieved. The financial implications of this policy assumption are significant -a potential cost of over $200 million -and, in fact, far exceed the sum of the costs of all other items in the HFIR conversion schedule. Furthermore, the actual cost of the LEU fuel will not be known until a commercial process attains greater definition/development than that described in Ref. 8 . It is possible that LEU fuel cost could be the same or less than HEU fuel cost once a fabrication facility is constructed, especially if the RERTR program adheres to the philosophy of minimizing operating cost even at the expense of increased capital cost. As a consequence, this estimated, annual subsidy is not included in the schedule and costs presented subsequently as the authors felt it would obscure/overwhelm other, important concerns. This policy issue, though, should be acknowledged and addressed by the appropriate parties funding HFIR studies and operations.
METHODOLOGY
Determination of the components of the conversion schedule, the duration of the tasks, and the estimated cost were made using the same methodology as described in Ref. 3 . The schedule was prepared using the Delphi technique and is based on a "success-driven" assumption, that is, the assumption is made that no unforeseen problems occur during the lifetime of the project.
Managers in the ORNL Research Reactors Division responsible for operations, safety, fabrication, and environmental impact were consulted for cost and scheduling estimates for changes to the HFIR site to accommodate an LEU fuel cycle. The result of these discussions was a preliminary cost estimate of the required capital improvements, safety analysis updates, changes to Technical Safety Requirements, procedural modifications, and required training to support the implementation of core conversion.
The assessment was limited to operations at the HFIR site (7900 area of ORNL) because the RERTR program has funded other organizations to develop fuel production capabilities and fuel plate and fuel element fabrication capabilities. Consequently, these fuel production costs were excluded from this study. The cost of 19.75% enriched uranium was also not considered. Currently the HFIR annual budget includes payment for the processing of HEU into U 3 O 8 but not for the HEU itself. Possible sources of LEU include down-blending HEU or the purchase of the material from an enrichment facility. Either would incur costs that are not a part of the HEU fuel cycle. Likewise, an assessment of the acceptability of uraniummolybdenum for long-term storage of spent fuel was not performed because that operation will not be at the ORNL site. (Ref. 3, p. 19)
The schedule includes capital improvements required to HFIR to run the reactor with the LEU fuel at 100 MW to recover the flux lost to the beam tubes due to converting from HEU to LEU.
The HFIR schedule development process began by tracing the path of the fuel elements from the time they left the fuel fabrication facility until they were delivered to the Savannah River Site. Current costs for these operations with HEU fuel are known. Consequently the staff focused on differences between the HEU and LEU fuel cycles and then estimated the time and cost to resolve or accommodate these differences. The completion date for conversion was constrained to be the loading of the first LEU core to HFIR by the end of fiscal year 2016 (September 30, 2016) to meet conversion program integrated schedule expectations. The schedule was developed by working backwards in time from that date. Dates of completion for activities by others have been assumed. A secondary consideration was to levelize the annual expenditures as much as possible (similar level of funding year-to-year).
Per request of program management, Microsoft Project software was used to prepare the schedule. Upon completion of the study documented here, the draft Project file was forwarded to program management in September 2009 for integration into a multi-facility schedule. Subsequent to providing the requested schedule to program management, two policy decisions were made that resulted in deletions from the original schedule -deletion of a fresh fuel storage facility at the HFIR site and deletion of a parity HEU fuel experiment. Hence, tables, charts, and graphs contained in this report are a subset of those contained in the version of the Project file that was previously supplied to program management. No additions and no other schedule adjustments were made to the file that had been sent to program management. A revised file will be provided to reflect these deletions. Some comments regarding risks and opportunities associated with the schedule that were requested by program management are provided in Appendix A. Based on feedback from the conversion program manager, this HFIR conversion plan will be updated to reflect integration with the overall conversion program plan.
COMPONENTS OF THE POST-FABRICATION HFIR FUEL CYCLE
The HFIR schedule can be subdivided according to fuel operations, i.e. transportation, irradiation, spent fuel storage, spent fuel transportation, etc. Each of these subdivisions is presented separately.
INPUT REQUIRED FROM ORGANIZATIONS OUTSIDE ORNL
The HFIR conversion schedule is a portion of a large effort to prepare an integrated conversion schedule for all U.S. high performance reactors. To enable integration, those areas in which input is needed from organizations outside ORNL before work can begin at HFIR have been collected into a single schedule category. With a few notable exceptions, there are no ORNL costs associated with the provision of these data. Yet the data must be provided on a timely basis if ORNL is to meet the schedule documented here. Table 2 .1 contains a list of data/information needs.
Entries 5-16 of Table 2 .1 correspond to the policy assumptions enumerated in Section 1.2. These entries are the only ones for which costs accrue at ORNL. The principal cost, $8.4 million, corresponds to the estimated increase in HFIR HEU fuel cost during the time period before HFIR conversion and due to conversion of the other high performance reactors. The figure is derived from the fact that approximately 25% of the annual cost of production of U.S. HEU research reactor fuel is for reactors other than HFIR and the Advanced Test Reactor (ATR). If that production cost is borne by HFIR for six years, an incremental cost of $8.4 million is found.
LEU fuel qualification is the responsibility of INL. Hydraulic flow test data will be measured in experiments performed at Oregon State University under the direction of INL. These data will be one of components of the safety basis for LEU fuel in HFIR and are needed before safety-related analyses are initiated.
Similar to fuel qualification, fuel fabrication data are needed in order to define manufacturing tolerances for fuel parameters. Both design basis tolerances (manufacturing specifications) and the accuracy and precision of the devices to be used to confirm design dimensions and fuel characteristics are needed. These data are input to safety-related analyses.
QUALITY ASSURANCE MONITORING/APPROVAL BY HFIR STAFF
Entries 55-64 of Table 2 .2 are "placeholders". HFIR quality assurance staff are actively involved in all phases of the current, HEU fuel cycle. Powder production, shipping and transportation, and fuel fabrication operations are all monitored and reviewed by HFIR staff. Safe operation of the reactor -the responsibility of the HFIR staff -requires that fuel be manufactured to exacting standards. This same relationship must be established for a new, LEU fuel cycle. As has been noted earlier in this report, insufficient information on the reference production process exists (Ref. 8) . Lack of data inhibits accurate estimation of cost and schedule. Due to the relatively short time to conversion, HFIR staff should be made aware of the fabrication processes as they are being developed. Estimated costs generally reflect 1 to 2 person-months of effort per fiscal year per segment of the fabrication process and allow for the fact that fuel fabrication operations will be geographically distant from Oak Ridge.
LEU FUEL DESIGN STUDIES
Entries 66-86 of Table 2 .2 are the continuation of studies initiated in 2005 at ORNL; initial studies documented in Ref. [3] [4] [5] . The goals of these future studies are to document the current LEU HFIR fuel design, develop engineering drawings, and forward these data to fuel qualification and fuel fabrication tasks. In addition, thermal hydraulics studies will be conducted with the aim of developing and certifying advanced, finite-element-based analysis techniques. Studies to date indicate that by using these modern analysis techniques, unnecessary conservatism in the current LEU HFIR fuel design could be eliminated and therefore the fabrication processes made to be simpler and cheaper.
For the current, HEU fuel cycle, the fuel manufacturing specification was developed by ORNL staff and then supplied to the fabricator as a part of the contracting process for procuring reactor fuel. Revisions to the fuel specification are the contractual responsibility of the HFIR staff. Contractually, the fuel specification for LEU fuel will be required to be approved by the staff of the contractor for Oak Ridge National Laboratory. This contractual requirement, coupled with the technical expertise of the HFIR staff (Ref. 8) , are the bases for the table entries related to materials and fabrication.
FRESH FUEL SHIPPING CONTAINER
The HFIR LEU core geometry will be unchanged from the current HEU design. Consequently the LEU core will fit into the current shipping container. However, the weight of an LEU core will be approximately 30% greater than the current HEU core. Furthermore, due to the changes in both the quantity and enrichment of uranium, the container must be relicensed. Relicensing includes, among other things, structural and criticality safety analyses. Currently, HEU fuel elements are transported by safe, secure transport (SST). With the reduction in enrichment, commercial transport may be utilized. There is some possibility that the current fresh fuel shipping containers, even when reanalyzed for LEU fuel, would not be acceptable to licensing authorities. Three federal agencies, Department of Energy, Department of Transportation, and the Nuclear Regulatory Commission, will have to certify the new container for LEU fuel. These analyses and reviews are reflected in entries 88-103 of Table 2 .2.
FRESH FUEL STORAGE
HFIR is refueled 7-8 times a year. At each refueling, both inner and outer elements are replaced. Since the HFIR fuel cycle is short (~25 days) and since the production time for a HFIR fuel element is approximately 2 years, the goal for the inventory of fresh HFIR elements has been set at a level to meet four years of consumption (30-32 cores at the current rate of consumption). At present, the Department of Energy has authorized the storage of 3 fresh cores at the HFIR site. Usually there is only one fresh core on site at HFIR and that occurs on a just-in-time basis. Delivery of the fresh core is usually scheduled just before expected cycle shutdown and one goal of operations at HFIR is to have the fresh fuel located outside the reactor vessel for the minimum amount of time. Consequently the balance of the inventory of HFIR elements (currently 24 cores) is stored at the Y-12 plant. LEU fuel will be stored at Y-12 in lower category storage areas instead of high security storage areas currently used for HEU. The Y-12 Master Plan (Y/MOD-0150) documents this continued storage of Category III/IV materials. No significant changes in cost are expected with LEU HFIR assemblies. Fresh fuel storage has no impact on the HFIR conversion schedule.
OPERATIONS INSIDE THE HFIR BUILDING
The building containing the High Flux Isotope Reactor is designated as 7900 and includes fresh fuel receipt areas, spent fuel storage arrays, various balance-of-plant systems, and research areas for experimenters. Since LEU elements will be approximately 30% heavier than the current HEU elements and since various fuel handling tools are certified only for operation with current elements, expert opinion is that new fuel handling tools must be designed, fabricated and certified for use with LEU elements. Structural analyses must be performed for both fresh and spent fuel operations. Implementation of the LEU fuel cycle for this study was envisioned to be in two phases. The first phase would be to demonstrate acceptable reactor performance at an operating power level of 100 MW. The second phase would be the conversion to LEU fuel. The schedule shown in Table 2 .3 includes these two phases.
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End-of-cycle exposure for LEU elements will be greater than that for the current fuel elements. A variety of nuclear engineering analyses including radiation source term estimation, dose rate calculations, heat source estimation, and criticality safety calculations will have to be performed for the LEU fuel. All spent fuel operations -unloading of the reactor core, storage of spent fuel, transfer and loading of spent fuel to a shipping cask -will be re-evaluated using data from irradiations in ATR. The results of these studies will then be used to update the HFIR Safety Analysis Report. Table 2 .4 shows LEU fuel operations outside the reactor. Given that the LEU fuel elements have the same dimensions as the current HEU elements, there is a high probability that the current shipping cask (GE2000) can be used for spent LEU fuel. Nevertheless the cask must be licensed for a new fuel type (LEU) and for a greater discharge exposure than that for which it is currently licensed (2300 MWD).
OPERATIONS WITH SPENT FUEL OUTSIDE THE REACTOR
The end point for that portion of the HFIR fuel cycle for which ORNL is responsible is the delivery of the spent fuel to Savannah River Site. Analysis and documentation costs related to the delivery and unloading of the fuel at SRS are assumed to be the responsibility of ORNL. 
SUMMARY AND CONCLUSIONS
Based on this preliminary plan, the total cost to ORNL expected to be funded by NNSA for conversion of the HFIR from HEU to LEU fuel through operation of the reactor with the first commercially fabricated core is $76 million. A summary of costs by year based on the information presented in the previous section is shown in Table 3 .1 and graphically presented in Fig. 3.1 . A summary of costs by topic is provided in Table 3 .2.
The purpose of this study was to respond to a request from the Department of Energy to prepare a schedule for the conversion of HFIR from HEU to LEU as input to an integrated multi-reactor conversion program plan. This HFIR plan is subject to revision based on feedback from the conversion program manager and other emerging developments. This HFIR plan was developed under the constraint that the conversion be completed by the end of fiscal year 2016. Upon completion of this task, one item has been identified as a potentially significant reduction to project cost -coordination with other U.S. reactor conversions to receive in-reactor measurement data and post-irradiation examination data thereby minimizing the number of tests needed to be performed at HFIR.
All policy decisions have significant technical and financial ramifications. Their consideration involves both the Department of Energy Office of Science and the National Nuclear Security Administration. Furthermore, two national laboratories (Oak Ridge and Los Alamos), the Y-12 National Security Complex, and any potential LEU fuel fabricators would be impacted by any changes to these policy decisions. Clearly such discussion is beyond the scope of the current study. 
